Introduction
The spread of bacterial resistance to antibiotics has become a major public health problem over the past decade (1) (2) (3) . The growing concern resistant cocci of major epidemiologial interest was investigated. Materials and Methods: mAbKT and scFvKT generated by hybridoma and DNA recombinant technology from the spleen lymphocytes of mice immunized with a KT-neutralizing monoclonal antibody (mAb KT4) were used in a conventional colony forming unit (CFU) assay to determine, from a qualitative point of view, their bactericidal activity against Staphylococcus aureus, S. haemolyticus, Enterococcus faecalis, E. faecium, and Streptococcus pneumoniae strains. These bacterial strains are characterized by different patterns of resistance to antibiotics, including methicillin, vancomycin, and penicillin. Results: According to the experimental conditions adopted, no bacterial isolate proved to be resistant to the activity of mAbKT and scFvKT. Conclusions: scFvKT exerted a microbicidal activity against multidrug resistant bacteria, which may represent the basis for the drug modeling of new antibiotics with broad antibacterial spectra to tackle the emergence of microbial resistance.
about the future of antibacterial chemotherapy has led to fears of a return to a pre-antibiotic era (4) . Resistance control strategies must involve concerted efforts by patients, physicians, the pharmaceutical industry, and the public health community (1) . The ensuing years unavoidably will be characterized by strict guidelines for prescriptions and the clinical use of antibiotics, as well as severe restrictions on their use in agriculture, fish farms, and animal husbandry (1, 2, 5) . It is, nevertheless, difficult to anticipate to what extent prudent use of antibiotics will really affect the resistant bacteria already present in human and environmental reservoirs. Recent studies suggest that a reduction in the use of antibiotics might be unsuccessful at reversing the high levels of antibiotic resistance currently found in hospitals and communities (6, 7) . Therefore, the development, not only of new conventional antibiotics, but also of novel compounds and alternative strategies for the battle against bacterial infections is becoming a topical and widely recognized need.
In recent years, we produced antibodies with antibiotic activity in polyclonal, monoclonal, and single-chain recombinant formats. These antibodies bear the internal image of a yeast killer toxin (KT) produced by a selected strain of Pichia anomala and characterized by a wide spectrum of antimicrobial activity, including against Gram-positive bacteria, but with a yet undetermined mechanism of action (8) (9) (10) (11) (12) (13) . In the related Williopsis mrakii killer system, HM-1 killer toxin kills susceptible strains, presumably through interference with the synthesis of the cell wall ␤-1,3-glucan (14) .
Like KT, monoclonal (mAbKT) and/or single-chain recombinant (scFvKT) KT-like antibodies were proven to kill Candida albicans, Pneumocystis carinii and multidrug-resistant (MDR) Mycobacterium tuberculosis cells in vitro. They were also therapeutic in experimental models of candidiasis and pneumocystosis (12) (13) (14) (15) (16) . Although the opsonophagogytic activity monoclonal antibodies in vivo cannot be disregarded, the even more potent therapeutic effect of mAbKT and scFvKT attests to their intrinsic antibiotic activity. mAbKT and scFvKT were shown to be equivalent functionally to animal and human protective antibodies elicited in serum or vaginal fluid by an undetermined, yet specific, KT receptor (KTR) of sensitive microorganisms involved in experimental and natural infections (17) .
In this report we present, from a qualitative point of view, the in vitro activity of mAbKT and scFvKT against several Gram-positive cocci with different antibiotic resistance patterns, including methicillin-resistant and borderlinesusceptible staphylococci, vancomycin-resistant enterococci, and penicillin-resistant pneumococci. This study offers a rationale to design new antibiotics with broad antimicrobial spectra against current drug-resistant bacteria.
Materials and Methods

Bacterial Strains
The bacterial strains used in this study and their relevant antibiotic susceptibilities are presented in Table 1 . All were clinical isolates, except for Staphylococcus aureus LS1-R and S. haemolyticus 221-4, which were stable teicoplanin-resistant clones obtained in population studies from heterogeneously teicoplanin-susceptible clinical isolates (methicillin-resistant the former and methicillin-susceptible the latter). Staphylococcus aureus a3 and a53 were two borderline methicillin-susceptible isolates. Staphylococcus aureus a38 and CVC4 were two methicillinresistant isolates, the latter with reduced susceptibility to teicoplanin. Staphylococcus haemolyticus 7086, SH8, and 615 were teicoplanin-resistant isolates (SH8 and 615 were also methicillin-resistant). Enterococcus faecium LS10 and E. faecalis 2724 were two highly vancomycin-and teicoplanin-resistant VanA isolates. Streptococcus pneumoniae strains 5353 and 143 were penicillin-resistant; whereas, strain 153 was penicillin-intermediate.
mAbKT
The immunoglobulin M (IgM) KT-like mAb (mAb K10) used throughout this study was produced according to a previously described procedure (12) . The hybridoma secreting mAb K10 was obtained by the fusion of myeloma cells IA983F and the spleen lymphocytes of rats immunized with the KT-neutralizing mAb KT4 (18) . The hybridoma cells were grown in RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO) with 15% fetal calf serum (Sigma). mAb K10 was purified from culture supernatants by precipitation with ammonium sulfate and dialysis against phosphate-buffered saline (PBS).
scFvKT KT-like scFv (H6) used throughout this study was produced according to the procedure previously described by using the commercial Recombinant Phage Antibody System (Pharmacia Biotech AB, Uppsala, Sweden) (13) .
Briefly, mRNA from spleen lymphocytes of mice immunized with the KT-neutralizing mAb KT4 was reverse-transcribed and a scFv antibody library was constructed by cloning the relative antibody genes into a specific phagemid vector. Recombinant phages, pro-duced in a transformed Escherichia coli strain (TG1), were repeatedly panned against mAb KT4 and screened by a conventional ELISA against the same mAb. The selected recombinant phages were used to infect a nonsuppressor E. coli HB2151 strain to produce soluble recombinant scFv that were purified by affinity chromatography using an anti-E Tag Nhydroxysuccinimide activated Sepharose column (Pharmacia Biotech AB).
In vitro Bacterial Killing Assay
The qualitative killing assay against the bacterial isolates investigated in this study was carried out by using mAbKT against all of the bacterial isolates studied, and scFvKT against four representative bacterial strains (E. faecium LS10, E. faecalis 2724, S. aureus a38, and S. pneumoniae 5353) in a conventional colony forming unit (CFU) assay. Bacterial isolates were grown on Mueller Hinton agar or 10% horse blood agar plates at 37ЊC for 24 hr. Bacterial cells from isolated colonies were suspended in saline to an optical density of 0.5 McFarland and then diluted in Mueller Hinton broth (1:1000 Enterococcus isolates, 1:500 S. haemolyticus isolates, 1:2000 S. aureus isolates, and 1:1000 S. pneumoniae isolates, respectively). 10 l of this suspension, containing approximately 2-3 ϫ 10 3 viable bacterial cells, were added with 100 g of purified mAb K10 or 10 g of purified scFv H6 in a total volume of 100 l. For S. pneumoniae isolates, 1% Supplement B (Difco Laboratories, Detroit, MI) also was added. All the bacterial suspensions were incubated for 5 hr at 37ЊC. As controls, in the in vitro experiments of antimicrobial activity, we used an irrelevant, isotype-matched, commercially available mAb (ABPC 22; Sigma Chemical Co.) and an irrelevant scFv anti-idiotypic antibody (antiId) previously described (19) . As a further control, a similar inoculum of bacterial cells was also added to mAbKT or scFvKT preincubated overnight at 4ЊC with 100 g of mAb KT4. After incubation with the respective reagents, the bacterial cells were dispensed in Petri dishes and covered with molten Mueller Hinton agar that was allowed to solidify. The plates were then incubated at 37ЊC and observed after 48 hr for bacterial CFU enumeration. Each experiment was performed in triplicate and the results were calculated as a mean. In one circumstance, the CFU assay was also carried out by plating 10 l of bacterial cell suspensions (S. aureus a38) after incubation with scFv H6 and appropriate controls for 24 hr.
Results
The bactericidal activity of mAb K10 and scFv H6 against the antibiotic-resistant Grampositive cocci qualitatively investigated in this study is presented in Tables 2 and 3 , respectively. The results are expressed as % inhibition, compared with the appropriate control. The bactericidal activity of mAbKT and scFvKT was significantly neutralized by mAb KT4 (data not shown). Figure 1 shows the appearance of the killing and neutralization assay against a representative bacterial isolate (S. aureus a38) after 24 hr of incubation with scFv H6 and appropriate controls. Notably, the bacterial colonies surviving the activity of mAbKT and scFvKT should not be considered as resistant, since they behaved just as sensitively when tested in another CFU assay performed under the same experimental conditions (data not shown).
Discussion
Among antibiotic-resistant bacteria, Gram-positive cocci have become predominant over the past two decades for their ability of acquiring resistance. This is followed by the horizontal transfer of resistance genes and the clonal expansion and spread of resistant clones (2, 20) . Notable examples are methicillin-resistant staphylococci and vancomycin-resistant enterococci among nosocomial pathogens, and penicillinresistant pneumococci among communityacquired pathogens. Most methicillin-resistant staphylococci are insensitive to many other conventional antibiotics, thereby requiring the use of glycopeptide antibiotics. Unfortunately, vancomycin treatment failures have been reported in infections caused by methicillinresistant strains of S. aureus (22) (23) , S. haemolyticus (24, 25) , and S. epidermidis (26) , with decreased heterogeneous susceptibility to glycopeptides. Borderline methicillin-susceptible (or borderline-resistant) S. aureus strains have been associated with widespread nosocomial infections (27) . Vancomycin-resistant enterococci, which have become major nosocomial pathogens, particularly in the U.S.A. (28, 29) , are often resistant to multiple antibiotics and have been regarded as a classical example of the impact of antimicrobial drug resistance on therapeutic options (30) . Moreover, vancomycin resistance can pass from enterococci to other pathogens. Natural spread has been reported among enterococci (32) and other Grampositive bacteria (32) (33) (34) . In pneumococci, once among the most highly penicillin-susceptible bacteria, penicillin resistance is now a global problem. Further concern with penicillin-resistant pneumococci currently arises from their increasing resistance to other antimicrobial agents, including third-generation cephalosporins and macrolides (19, 35) , and from the emergence of tolerance to a number of bactericidal antibiotics, including vancomycin, ␤-lactams, aminoglycosides, and quinolones (36) . Against such increasingly antibiotic-resistant Gram-positive cocci, antimicrobial research, which until recently has been ahead of the resistance race, must increase its committment for the search of innovative antibiotics. However, continuous modification of conventional drugs seems unlikely to succeed in the long-term fight against bacteria.
Natural short-chain peptides produced by a number of animals as defence mechanisms have been under study for their broad spectrum of antimicrobial action (37) (38) (39) . Natural antibiotic peptides usually act by damaging the bacterial cell membrane, but regretfully, they can also damage mammalian cells. In our studies, we demonstrated that monoclonal and recombinant anti-idiotypic antibodies, bearing the internal image of a yeast killer toxin recognized to be active against Gram-positive cocci, may be therapeutic in experimental models of candidiasis and pneumocystosis without the induction of toxic effects (13, 16) . Even though the mechanism of action is still undetermined and currently under study, it is argued, from the immunofluorescence studies, that it can rely on the interaction with an uncharacterized trans-phyletic cell wall KTR shared by taxonomically unrelated microorganisms. This speculation is corroborated by the findings of functionally equivalent and therapeutic human natural anti-KTR killer antibodies in individuals undergoing repeated infections with KTR-bearing microorganisms (17) .
The finding of the microbicidal activity of monoclonal and recombinant KT-like antibodies, which had proven to be killing in vitro and/or in vivo C. albicans, P. carinii, and MDR M. tuberculosis (12) (13) (14) (15) (16) , against drug-resistant staphylococci, enterococci, and pneumococci make engineered antibody derivatives particularly attractive as therapeutic agents for currently untreatable microbial infections. It is noteworthy that smaller scFv H6 displayed at lower concentrations an antibacterial activity similar to that of higher molecular sized IgM mAb K10 and that prolonged incubation with microbicidal antibodies may result in a remarkable increase in the rate of killing. The determined sequence of the variable region of the heavy and light chains of scFvKT should make possible the engineering of new molecules characterized by an unexhausted mechanism of antibiotic activity.
